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Abstract

Results of supersonic wind tunnel tests are presented which show the
effects of varying nozzle geometry, location, and supply pressure on the base
pressure of a cylindrical body at zero angle of attack. The purpose of the tests
was to investigate the parametric influences in the regions where base pressure
is near a minimum, which occurs in the lower range of thrust levels. A
bibliography of related experimental results is also included.
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I. Introduction

The base drag on a missile with thrust is generally greatest at low
thrust levels and is significantly influenced by the various rocket nozzle
geometric parameters. For clarifying the influences of the nozzle geometric
parameters, a series of supersonic wind tunnel tests has been conducted with a
cylindrical body by using cold, dry air to simulate the rocket exhaust. Nozzle
parameters varied were diameter, exparsion ratio and expansion angle,
longitudinal position, and thrust level.

The basic results of the tests (base pressure variation with nozzle
chamber pressure) are presented in plotted form without detailed analysis, but
they are arranged to illustrate major parametric influences. These results
are repeated in tabular form, and additional -nozzle flow parameters and test
condition information are shown in the appendix.

2. Apparatus

The model was mounted to the tunnel topwall and aligned with the
tunnel flow by means of a fixed swept strut which also provided routing of the
instrumentation lines and cold air supply used to simulate the exhaust flow.
The external shape of the model was defined by a 4-caliber tangent-ogive nose
plus a cylindrical body which w-is 2 calibers long. Details of the model are
shown in Figure 1.

Two types of base co-,figurations were used during these tests. One
model configuration, designated as the "open base" configuration, contained an
active nozzle mounted concentrically in a larger inactive nozzle. This configu-
ration presented considerable base area which was not adjacent to the region
where the exhaust was exiting from the model. Also, this configuration was
constructed so that the exit plane of the active nozzle was located at positions
other than the plane of the model base. This configuration was made by com-
bining the nozzles (Figure 1b) and the "open base" body (Figure la).

The model configurations designated as "closed base" were made by
installing the nozzles, including sonic (Figure lc), conical supersonic
(Figure 1d), and contoured supersonic (Figure le) into the body identified in
Figure la as the "closed base" body.

Tunnel No. 1 of the Ballistic Research Laboratories is a continuous flow,
supersonic wind tunnel capable of operating over the Mach number range of
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1.20 to 5.0. The test section dimensions are 13 by 15 inches. The minimum
test Mach number for this model in this facility is 2. 5. Complete details of
this facility are given by Baughman.'

The estimated range of inaccuracy of all data presented herein is as
follows:

Mach number, ±0. 008
Local model pressure, ± 0.100 psi
Air supply pressure,

0 to 15 psi range +0.030 psi
0 to 100 psi range ± 0.200 psi
0 to 300 psi range ± 0.600 psi

3. Presentation of Data

The information presented here consists of:

a) Justification fer direct comparison between results obtained
with open and closed base configurations

b) Observations on the insignificant influence of Reynolds number
over the test Reynolds number range

c) Plotted basic results arranged to illustrate major parameteric
influences

d) Tabulated results.

A detailed listing of the test condition, test configurations, base
pressure, and base pressure coefficient variation with nozzle Lhamber pressure,
thrust coefficient (CT), and momentum flux ratio (RMF) is presented in the
appendix. The values of CT and RMF have been calculated by using measured
values, nozzle physical dimensions, and one-dimensional flow relationships.
An index to the tabulated data and symbol notation as used in this tabulation
are also shown in the appendix.

Two cylindrical body configurations were tested: a closed base configu-
ration and an open base configuration, which simulated an inactive large boost

IaBaughman, L. E. , and Kochendorfer, F. D., "Jet Effects on Base

Pressures of Conica! AIL bodies at Mach 1.91 and 3.12," NAGA RM E57E06,
.\ igust 1957
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f I nozzle surrounding an active small sustainer nozzle (Figure la). A comparison
of results from each of the bodies with identical nozzles is shown in Figure 2.
This comparison indicates that effects due to base configuration difference are
very slight. On the basis of this comparison, no further reference to the base
difference will be made. Excellent repeatability of data 2cquired in separate
test entries is also shown in Figure 2.

A group of nozzles were tested at a Reynolds number lower than the
nominal value to extend the range of thrust level. The results are presented
in Figure 5 together with results obtained at the nominal Reynolds number. In
these results there is a slight but consistent shift in the base pressure ratio at
comparable chamber press.re ratios, although different chamber pressures
were used to produce the comparable ones. To investigate this shift in base
pressure, further testing was conducted both over a greater Reynolds number
range and without the standard boundary layer transition strip on the nose.
These data, presented in Figure 3, show no consistent trends with Reynolds
number over the range in question (RN 0. 20 to 0. 50 million per inch). On the

NJ

basis of this observation, it is felt that the shift is due to data acquisition errors
and is not a Reynolds number effect.

The basic results from the test are pre~ented in Figures 4 through 19.
The nozzle configuration variable for each group of data is shown in Table I.

TABLE I. NOZZLE CONFIGURATION VARIABLES

Configuration Configuration Figure
Variable Constants No.

Nozzle Mach 2,/DB = 0.141, 0. = 0 deg 4No. o.=
0. = 0 deg, D /DB= 0.20 5

0.= 20deg, D./D B = 0.20 6

Nozzle Expansion M. = 1.78, D./D B = 0.20 7
3 j/BAngle M. = 2.20, D j/DB = 0.20 8

M = 2.70, D./ DB 0.20 9

M. = 3.20, D/DB =0.20 10

0' 3



TABLE I. NOZZLE CONFIGURATION VART'iBLES (Concluded)

Configuration Configuration Figure
Variable Constants No.

Nozzle Exit M. = 1.0, 0. = 0 11
Diameter I I

M = 1.78, 0.= 0 12

M. = 1.78, 0. = 20 13
3 3

M.= 2.70, 0.= 0 14

M. = 2.70, 0. = 20 deg 153 3

M. = 3.20, 0. = 0 deg 16

Nozzle Exit Nozzle, D /DB= 0.1 17
Position Nozzle, D DB = 0.2 18

Nozze, j/D =021
Nozzle, D. DB= 0.3 19

The symbols used in these figures are identified in the following list,
while those used with the tabulated data are given in the preface of that section.

DB  Reference diameter of model

D. Diameter of nozzle at exit plane3

M. Yoz:le design Mach number3
Mo Fr ,e stream Mach nun :.,er

PC Jet stagnation pressure

PB Mean base pressure

P"' Free stream static pressure

RN  Reynolds number per inch

X Location of nozzle exit plane relative to model base, negativen
rearward

0. Half-angle divergence of nozzlesJ
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CLOSED BASE SONIC NOZZLE

Iii
.706 j

/Io --'. -i-"C

M j 1.0 1.0 1.0

Dj/DB 0.100 0.140 0.200

Dj 0.250 0.352 0.500
C 0.010 0.010 0.010
E 0.404 0.302 0.191

(c) SONIC NOZZLES

FIGURE 1. MODEL DETAIL (Continued)
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M! 1.78 1.78 2.20 2.70 2.70 3.20 320
- 0 0 0 0 0 0 0

Dj/Dg .168 .200 .200 .200 .252 .200 .320

Dt .352 .420 .352 .280 .352 .220 .362
Dj .420 .500 .500 .500 .629 .500 .800

C .591 .703 .909 1.096 1.382 1.249 1.996

(e) CONTOURED NOZZLES

FIGURE 1. MODEL DETAIL (Concluded)
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Appendix
Tabulated Test Results

The following data were listed from computer equipment and the symbols
used to designate various parameters were selected to facilitate the use of
this equipment. The following list identifies the symbols used in this portion of
the report:

CPB Base pressure coefficient, B 1. 0.7 (MF) 2

CT Thrust coefficient, thrust/ [dynamic pressure x reference area]

D* Diameter of nozzle at the throat (in.)

DJ Diameter of nozzle at the exit plane (in.)

DB Reference diameter of body, 2. 50 in.

GJ Jet specific heat ratio

L Model length (in.)

MF Free stream Mach number

MJ Jet exit Mach number

PB Mean base pressure (psia)

PC Jet stagnation pressure (psia)

PF Free stream static pressure (psia)
(PJ) (AJ)(MJ) 2

RMF Jet momentum fluxratio, (PF) (AB) (MF)2  where AJ = ir 2

AB = 7 "B 2, and PJ = jet static pressure

THEJ Divergence half-angle of nozzles (deg)

TOF Free stream static temperature (0 F)

RN Reynolds number per inch

XJ Location of nozzle exit plane relative to model base (in.)
(negative positions rear of model base)

35
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The data are arranged according to the index given in Tables A-I
through A-III.

TABLE A-I. INDEX TO TABULATED DATA

Group M. 0.j Dj/D B  Mo RN x 10 6

1A 1.0 0 0.10 2.50 0.47
1.0 0 0.10 3.00 0.51

1B 1.0 0 0.14 2.50 0.23
1.0 0 0.14 2.50 0.47
1.0 0 0.14 3.00 0.25
1.0 0 0.14 3.00 0.51IC .0 0 0.20 2.50 0.472 1.0 0 0.20 3.00 0.51

1.78 0 0.16 2.50 0.23
1.78 0 0.16 2.50 0.47
1.78 0 0.16 3.00 0.25
1.78 0 0.16 3.00 0.51

I2
1.78 0 0.20 2.50 0.51

1.78 0 0.20 2.50 0.47

1.78 0 0.20 3.00 0.25I 1.78 0 0.20 3.00 0.51
2C 1.78 5 0.20 2.50 0.47

1.78 5 0.20 3.00 0.51
1.78 20 0.10 2.50 0.47
1.78 20 0.10 3.00 0.51

2E 1.78 20 0.20 2.50 0.47
78 20 0.20 3.00 0.51

2F 1.78 20 0.30 2.50 0.47
A 1.78 20 0.30 3.00 0.51
3A 2.20 0 0.20 2.50 0.23

2.20 0 0.20 2.50 0.47
2.20 0 0.20 3.00 0.25

1 2.20 0 0.20 3.00 0.51
3B 2.20 20 0.20 2.50 0.47

2.20 20 0.20 3.00 0.51
JA 2.70 0 0.20 2.50 0.23

2.70 0 0.20 2.50 0.51
2.70 0 0.20 3.00 0.25
2.70 0 0.20 3.00 0.51
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TABLE A-I. INDEX TO TABULATED DATA (Concluded)

Group M 0 D /D B  mo R x 10 6

____ I j'B RNlo

4B 2.70 0 0.25 2.50 0.23
2.70 0 0.25 2.50 0.47

4 2.70 0 0.25 3.00 0.25
1 2.70 0 0.25 3.00 0.51

4CD 2.70 10 0.20 2.50 0.47
2.70 10 0.20 3.00 0.51
2.70 15 0.20 2.50 0.47
2.70 15 0.20 3.00 0.51
2.70 20 0.20 2.50 0.47
2.70 20 0. 20 3.00 0. 54
2.70 20 0.20 3.50 0.50

2.70 20 0.20 4.00 0.50
2.70 20 0.20 4.50 0.49

4F 2.70 20 0.30 2.50 0.54
2.70 20 0.30 3.00 0.54

5A 3.20 0 0.20 2.50 0.23
3.20 0 0.20 2.50 0.47
3.20 0 0.20 3.00 0.25

I 3.20 0 0.20 3.00 0.51
5B 3.20 0 0.31 2.50 0.23

3.20 0 0.31 2.50 0.47
3.20 0 0.31 3.00 0.25
3.20 0 0.31 3.00 0.51

5C 3.20 20 0.20 2.50 0.47
6 3.20 20 0.20 3.00 0.51

6A 3.80 20 0.20 3.00 0.50
3.80 20 0.20 2.50 0.47
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TABLE A-il. NOZZLE POSITION DATA

Group M. 0. Dj/ B M N (n) xN DB

7A 2.70 20 0.10 2.50 0. 55 x 10+6 -0.60
-0.40

0
0.33
0.50
0.67
0.82
0.98

7B 2.70 20!020 2.50 0. 55 x 10+6 -0.60
-0.40
-0.20

0
0.33
0.50
0.67
0.82
0.98

3.50 0. 50 x 10t, -0.60
-1.20

4.50 0. 49 x 10+1 -0.60
-1.20

7C 2. 70 20 0.30 2.50 0. 551 lo10+ -0.60
-0.40
-0.20

0
0.33
0.50
0.67
0.82
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TABL.,E A-HI. REYNOLDS NUMBER DATA

Group M. 0. D./D M R (in.)

&A 2.70 0 0.25 2.50 0.12 x 10+6
0.23 x 10+6
0. 35 x 10+ 1
0.47 x 10+6

8B 1.00 0 0.056 2.50 0.12 x 10+6
0.23 x 10+6
0.35 x 10+6

0.47 x 10+6
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"J THfa DO 0.3/06 NJ/o
1.00 0.00 .11. .11. .0" 0.00

NP TOF Pf 0. LF 41,TH PH/IN
1.50 #5000 1.?7 1.4.0 15.0 *30

PC/NVr OR/PF IPR aw CT T
.9,1 .14840 -.1079 .0001 .0000 85.00

18.16 .2285 -.153. .0005 .003 85.00
1S.10 .132!5 -.1534. .0005 .001 65.00
18.18 *32BS -.1534 .0005 .001 65000
59.33 .2851 -. 1633 .0026 .003 65.00
78.95 o?21.6 -.151.2 *0021 .005 65.00
79.1.5 012441 -.2544. .0021 .005 65.00
99.04. .3558 -.1472 .0026 .007 65000
14.6.58 *.158 -.1335 .0036 .01n 65000
177.17 .1.505 -.1255 *004.7 .012 65.00

NJ THEj DO JD DJ/DB UJ/D6
1.00 0.00 .11. .14 .056 0000

MF TOF PF 0.3 LENGTH RN/IN

PC/PF P8/PF CPS RMF CT TC117.66 *3316 -.1527 o0005 *001 65.00
.18 .:4809 -.1186 .0000 .001 65.00

440.25 .2522 -1709 .0012 *65.00
44&.2S .2522 -.1709 .0012 .003 65.00
98.1; .2870 -.1629 .0016 .001. 65000
59.441 .287. -.1626 .0016 000 65.00
68.50 .3371 -.1515 o0023 .006 85.00
116.02 o3767 -.11.19 .0031 0069 65.00
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, Results of supersonic wind tunnel tests are presented which show the effects
of varying nozzle geometry, location, and supply pressure on the base pressure of a
cylindrical body at zero angle of attack. The purpose of the tests was to investigate
the parametric Influences 'an the regions where base pressure is near a minimum,
which occurs in the lower range of thrust levels. A bibliography of related
experimental results is also included.
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